Twenty-five years have elapsed since the calcium-sensing receptor (CaSR) was first identified in bovine parathyroid and the receptor is now recognized as a fundamental contributor to extracellular Ca 2+ (Ca 2+ e ) homeostasis, regulating parathyroid hormone release and urinary calcium excretion. The CaSR is a class C G-protein-coupled receptor (GPCR) that is functionally active as a homodimer and couples to multiple G-protein subtypes to activate intracellular signalling pathways. The importance of the CaSR in the regulation of Ca 2+ e has been highlighted by the identification of >400 different germline loss-and gain-of-function CaSR mutations that give rise to disorders of Ca 2+ e homeostasis. CaSR-inactivating mutations cause neonatal severe hyperparathyroidism, characterised by marked hypercalcaemia, skeletal demineralisation and failure to thrive in early infancy; and familial hypocalciuric hypercalcaemia, an often asymptomatic disorder associated with mild-moderately elevated serum calcium concentrations. Activating mutations are associated with autosomal dominant hypocalcaemia, which is occasionally associated with a Bartter's-like phenotype. Recent elucidation of the CaSR extracellular domain structure enabled the locations of CaSR mutations to be mapped and has revealed clustering in locations important for structural integrity, receptor dimerisation and ligand binding. Moreover, the study of disease-causing mutations has demonstrated that CaSR signals in a biased manner and have revealed specific residues important for receptor activation. This review presents the current understanding of the genetic landscape of CaSR mutations by summarising findings from clinical and functional studies of diseaseassociated mutations. It concludes with reflections on how recently uncovered signalling pathways may expand the understanding of calcium homeostasis disorders.
calcium-sensing mechanism began to be uncovered in the late 1980s with the demonstration that divalent cations could induce inositol trisphosphate (IP 3 ) generation and transient increases in intracellular calcium (Ca 2+ i ) in parathyroid cells, likely by a cell-surface receptor (Nemeth & Scarpa 1987 , Shoback et al. 1988 . Finally, in 1993, a 5.3 kb clone, predicted to encode a protein of the G-protein-coupled receptor (GPCR) superfamily, was isolated from bovine parathyroid that when expressed in Xenopus oocytes had pharmacological properties similar to those of the calcium-sensing protein previously described in parathyroid cells . Subsequently, orthologs of the protein, now known as the calcium-sensing receptor (CaSR), were cloned from several mammalian species, including humans and from a variety of tissues (Conigrave 2016) .
Structure and activation of CaSR
We now understand the CaSR to be a class C GPCR, comprising 1078 amino acids, that primarily exists at cell surfaces as a disulphide-linked homodimer. Two crystal structures of the CaSR extracellular domain (ECD) were published in 2016 and uncovered details of the receptor activation mechanism, which shares similarities with the related metabotropic glutamate receptors (mGluRs) and GABA B R (Geng et al. 2016) . The ECD (amino acids 1-610) comprises a bi-lobed venus fly-trap domain (VFTD) and a cysteine-rich domain (CRD) (Geng et al. 2016 , Zhang et al. 2016 (Fig. 1 ). In the inactive state, the two CaSR protomers interact primarily at the lobe 1-lobe 1 interface. On activation, each protomer undergoes a 29° rotation, bringing the Lobe 2-Lobe 2 and CRD-CRD domains into closer proximity and expands the homodimer interface (Geng et al. 2016) (Fig. 1) . Interactions across the homodimer occur at several sites and play a critical role in structural integrity and receptor activation. In the inactive state, these include two loops that are unique to CaSR (Fig. 1) . Loop 1 stretches across the dimer interface from lobe 1 of one protomer to interact with a hydrophobic surface on the other protomer (Geng et al. 2016 , Zhang et al. 2016 . In loop 2, two α-helices at the top of lobe 1 reach across the interprotomer region to stabilise dimerization. This loop involves intermolecular disulfide bonds between two highly conserved cysteine residues (Cys129 and Cys131) and a surrounding hydrophobic region (Geng et al. 2016 , Zhang et al. 2016 .
The CaSR transmembrane domain (TMD, amino acids 611-863) comprises seven transmembrane helices, three extracellular loops (ECL1-3) and three intracellular loops (ICL1-3), and mediates G-protein activation, while amino acids 864-1078 form the intracellular domain (ICD), which can interact with several proteins that modulate CaSR signalling and cell-surface expression (Bai et al. 1998 , McCullough et al. 2004 , Zhang & Breitwieser 2005 . Upon ligand binding CaSR activates multiple signalling pathways by coupling to several G-protein subtypes, but predominantly utilises the G i/o pathway to suppress cAMP and activate mitogen-activated protein kinase (MAPK) cascades and the G q/11 pathway, that activates Ca 2+ i mobilisations and MAPK signalling (Conigrave 2016) .
Mutations in the CaSR cause disorders of calcium homeostasis
Following its molecular cloning, the importance of CaSR in regulating Ca 2+ e homeostasis was confirmed by the discovery that germline-inactivating mutations in the receptor cause two hypercalcaemic disorders, neonatal severe hyperparathyroidism (NSHPT) and the milder familial hypocalciuric hypercalcaemia type-1 (FHH1) (Pollak et al. 1993 (Pollak et al. , 1994 , while activating mutations cause autosomal dominant hypocalcaemia type-1 (ADH1). In the 25 years that have elapsed since CaSR was cloned, more than 400 different human mutations have been described, and studies of these mutant proteins have provided important molecular insights into how the receptor is activated and mediates signalling. Within this review I will discuss some lessons we have learnt by studying these mutations, from clinical presentation to molecular mechanisms of receptor activation. Inclusion of all reported CaSR mutations within this review would be impossible, and therefore, they are listed in Supplementary Table 1 (see section on supplementary data given at the end of this article).
Neonatal severe hyperparathyroidism (NSHPT)
NSHPT (OMIM:239200) is a rare disorder in which affected infants present with marked hypercalcaemia, skeletal demineralisation and failure to thrive, and can be fatal if left untreated (Pollak et al. 1993) . Observations of the coincidence of NSHPT and FHH1 in families, and parental consanguinity in many NSHPT kindreds, led investigators to suspect NSPHT was caused by homozygous mutations, while the milder FHH1 arose from heterozygous mutations of the same gene. Initial genetic investigations were consistent with this hypothesis and studies of a CaSR-knockout mouse model, in which homozygous mice have markedly elevated serum calcium and PTH, parathyroid hyperplasia, retarded growth and premature death, while heterozygous mice have mild hypercalcaemia (Ho et al. 1995) , consistent with NSHPT and FHH, respectively, seemingly provided further evidence of this genetic dosage effect. However, while most of the ~45 described cases of NSHPT are due to homozygous (~75%) or compound heterozygous mutations (~10%), several cases of NSHPT have been described in patients with heterozygous mutations of CaSR (Supplementary Table 1 ). The six mutations reported in these patients (Arg185Gln, Arg227Leu, Arg551Lys, Ile555Thr, Cys582Tyr and Ser591Cys) occur in the ECD of the CaSR and are located in regions that are critical for receptor activation (Geng et al. 2016 , Zhang et al. 2016 (Fig. 2A) . These include the hinge region between lobes 1 and 2 (Arg185), the lobe 2 homodimer interface (Arg227) and the CRD homodimer interface (Ile555 and Arg551), while the Cys582 and Ser591 residues are also located within the CRD (Geng et al. 2016 , Zhang et al. 2016 (Fig. 2A) . These three regions undergo the largest conformational changes during transition from the inactive to the active state, and several of these residues form critical agonist-induced homodimer contacts upon receptor activation (Geng et al. 2016 , Zhang et al. 2016 . The heterozygous NSHPT mutant residues are predicted to disrupt these contacts and have been shown in vitro to severely impair receptor responses, despite normal cell-surface expression (Bai et al. 1996 , Wystrychowski et al. 2005 , Toke et al. 2007 .
However, these are not the only mutations to occur in these critical regions. Indeed, FHH1 mutations have been reported in several of these residues, and it is therefore unlikely that the location of the residue per se determines whether a patient presents with NSHPT or FHH1. How mutations in a single residue cause the two different disorders has been examined for the Arg227 residue, demonstrating that the Arg227Leu mutation, which causes NSHPT, has a more severe impairment in receptor signalling compared to a mutation in the same residue, Arg227Gln, which causes FHH1 (Wystrychowski et al. 2005) . Therefore, for this residue at least, there appears to be a genotype-phenotype correlation to explain the differences in clinical presentation. Yet, this is not consistent for all NSHPT heterozygous mutant residues as some mutations have been shown to cause NSHPT in one patient, while other patients have presented with FHH1 (Supplementary Table 1 ) (Nyweide et al. 2006 , Reh et al. 2011 , Taki et al. 2015 . Intrauterine exposure to maternal calcium and vitamin D, and the presence of other CaSR polymorphisms that could act as genetic modifiers to influence receptor activity, could explain the discrepancies of clinical presentation in some heterozygous patients (Toke et al. 2007 , Reh et al. 2011 , Taki et al. 2015 .
Types of mutation and functional effect of NSHPT mutations
Twenty-nine different homozygous mutations have been described in association with NSHPT, with almost half due to missense mutations (Supplementary Table 1 ). These missense mutations occur predominantly in the ECD (~84%), demonstrating the importance of this domain in receptor activation and maintaining structural integrity. Additionally, one homozygous NSHPT mutation (Gly768Val) occurs in ECL2 and this mutation is predicted to disrupt the tightly packed region between the CRD, ECL2 and TMD, while the only missense ICD mutation described to cause NSHPT, Arg886Trp, has an unknown effect on CaSR. The other 17 NSHPT mutations include 7 nonsense mutations, 5 frameshifts resulting in a premature stop codon, 1 deletion, 1 insertion-deletion, 2 intronic variants resulting in changes in splice sites and 1 insertion of an Alu repeat has also been reported in three families (Fig. 2B, Supplementary Table 1 ). All the nonsense mutations affect residues within the ECD, resulting in loss of the whole TMD and ICD, and subsequently complete loss of CaSR signalling. Similarly, many of the frameshift mutations and large deletions result in complete or partial loss of the TMD and total deletion of the ICD.
Fifteen of the NSHPT mutations have been characterised in vitro, including three of the heterozygous mutations (Supplementary Table 1 Table 1 ). Statistical analyses were performed by one-way ANOVA. ****P < 0.0001, *P < 0.01.
and/or IP 3 assays (measuring the IP 3 breakdown product IP 1 )). The majority of the homozygous mutations (six of seven tested) reduced cell-surface expression, which may be due to failure of some CaSR mutants to complete quality control checks at the ER and Golgi (Huang & Breitwieser 2007) , while none of the heterozygous mutations tested affect cell-surface expression, indicating these mutations may impair receptor activation rather than protein expression. (Fig. 2C) . Similarly, nonsense mutations and truncation mutations, which are likely to have a more devastating effect on receptor structure and consequently CaSR activity cause a more severe increase in serum calcium than missense mutations (Fig. 2D) . PTH values were higher than the normal range in 83% of NSHPT patients. The median age of diagnosis of NSHPT is 14 days, with a large age range between 2 days and up to several months of age. Despite this range, there was no difference in the calcium values of patients presenting early (<2 weeks postpartum) and those presenting later (>2 weeks after birth) (mean: 4.80 ± 1.95 vs 4.74 ± 1.72 mmol/L, respectively), nor was there a difference in the type of symptoms with which these individuals presented. The most commonly reported symptoms were skeletal undermineralisation and/or osteopenia (69.5%), failure to thrive (47.2%) and hypotonia (47.2%) (Fig. 2E ). Respiratory distress and lethargy are also commonly observed (both 33.3%), while dehydration, constipation and nausea/vomiting are observed in <20% in NSHPT patients (Fig. 2E) . Parathyroidectomy is often the preferred treatment option in NSHPT, with bisphosphonates used to reduce hypercalcaemia prior to surgery (Mayr et al. 2016) . Use of the CaSR-positive allosteric modulator, cinacalcet, which enhances the sensitivity of the receptor to Ca 2+ e , has also been successful in lowering PTH and decreasing serum calcium in some NSHPT patients (Mayr et al. 2016 , Sun et al. 2018 (Supplementary Table 1 ). Cinacalcet has proven effective in patients with the Arg185Gln heterozygous mutation, and some homozygous patients (e.g. Arg69His); however, other patients are unresponsive (e.g. Arg680His), indicating its efficacy is genotype dependent (Mayr et al. 2016 , Sun et al. 2018 . Despite this caveat, cinacalcet is likely to be increasingly utilised as an initial treatment in NSHPT patients, due to its rapid effect on PTH levels and serum calcium.
Clinical details and treatment of NSHPT

Key messages for NSHPT
• The majority of NSHPT mutations are homozygous, although heterozygous cases have been described.
• Heterozygous NSHPT mutations are located in regions that are critical for receptor activation and are associated with reduced serum calcium values compared to homozygous or compound heterozygous mutations.
• Cinacalcet is an effective treatment in some patients, although parathyroidectomy is routinely performed too.
Familial hypocalciuric hypercalcaemia type-1 (FHH1)
Inactivating mutations in the CaSR also cause FHH1 (OMIM:145980), an autosomal dominant condition characterised by lifelong elevated serum calcium values, high or normal PTH concentrations and a low renal calcium excretion (Christensen et al. 2008 , Eastell et al. 2014 . FHH1 is usually benign and does not require treatment; however, its biochemical features have considerable overlap with typical primary hyperparathyroidism (PHPT), and often FHH is classified as a form of atypical PHPT (Marx 2018) . However, unlike in typical PHPT, hypercalcaemia in FHH patients remains persistent following parathyroidectomy, and therefore, it is important to distinguish between typical PHPT and atypical forms (i.e. FHH) to avoid unnecessary surgery (Christensen et al. 2008 , Eastell et al. 2014 . Measurement of the urinary calcium/creatinine clearance ratio (UCCR) has been suggested as a simple biochemical diagnostic test to differentiate the two conditions with a cut-off of <0.02 for FHH1 (Christensen et al. 2008 ). However, low UCCRs (between 0.01 and 0.02) are observed in some typical PHPT patients, especially those with vitamin D deficiency or renal insufficiency; therefore, genetic analysis is still the gold standard in differentiating between FHH1 and typical PHPT (Christensen et al. 2008 , Eastell et al. 2014 ).
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Despite this, a failure to identify a mutation in CaSR or other FHH-related genes may not indicate the patient has typical PHPT, as some FHH patients have no mutations in the currently known causative genes. Therefore, a combined approach with consideration of genetic analysis, UCCR and other symptoms may be best practice in ascertaining a correct diagnosis between FHH and typical PHPT patients.
Patients with FHH1 usually have mild hypercalcaemia; the mean serum calcium value of all FHH1 patients reported in >200 cases is 2.85 ± 0.28 mmol/L, 31% of whom have a high serum PTH level. However, there is a wide range of serum calcium values from 2.43 to 4.48 mmol/L, with 177 patients with mild hypercalcaemia, 29 patients with moderate hypercalcaemia (3.1-3.5 mmol/L), and 6 patients with severe hypercalcaemia (>3.5 mmol/L). Indeed, it is becoming increasingly recognised that CaSR loss-of-function mutations are responsible for a spectrum of hypercalcaemic disorders, from serum calcium values slightly above the normal range to severe symptomatic hypercalcaemia similar to typical PHPT (Hannan & Thakker 2013) . The majority of patients with FHH1 are asymptomatic (~71%). However, some individuals have typical symptoms of hypercalcaemia including headaches, fatigue, muscle cramps, constipation, nausea and vomiting (9%), while other patients present with associated features including nephrocalcinosis/nephrolithiasis (~7%), osteoporosis and/or fractures (9%) and pancreatitis (3.5%). It is also possible that some of these associated symptoms are incidental and not caused by the CaSR mutation. Those individuals with symptomatic hypercalcaemia have higher serum calcium values than those that are asymptomatic (2.97 ± 0.38 vs 2.79 ± 0.17 mmol/L, Fig. 3A) , and it is likely this hypercalcaemic spectrum will become even more apparent as more population-level genetic data becomes available and the relationship between serum calcium concentration and CaSR variant status can be assessed in more detail. Treatment is not required in most cases of FHH, although cinacalcet has been shown to be efficacious in some individuals with symptomatic hypercalcaemia (Supplementary Table 1 ).
Genetic landscape of FHH1 mutations
Almost 300 mutations have been reported in association with FHH1. Of these ~81% are missense mutations, 6.5% are nonsense mutations, 8% are deletion mutations, while 7 intron mutations that cause splice-site changes and 7 insertion mutations have also been described (Fig. 3B,  Supplementary Table 1 ). The majority of these FHH1 mutations are heterozygous; however, there are a small number of cases in which homozygous mutations have been detected (Supplementary Table 1 ). These individuals present at an earlier age than other FHH1 patients and are born to consanguineous parents (Hannan et al. 2010) . The serum calcium values for homozygous FHH1 patients are significantly greater than those in heterozygous patients (Fig. 3C ). Functional analyses of Ca 2+ i show homozygous FHH1 mutants have a milder loss of function than those identified in the heterozygous state, and it is possible these mutations have a less severe effect on receptor function and consequently mutations on both alleles are necessary for an in vivo effect to become apparent (Chikatsu et al. 1999 , Hannan et al. 2010 . Consistent with this, the heterozygous parents of individuals with homozygous FHH1 mutations are often normocalcaemic, and the mutations are not predicted to affect structural integrity or receptor activation (Hannan et al. 2010) .
FHH1 ECD mutations
Of the 234 missense mutants, 155 are located in the ECD, 66 in the TMD and 13 in the ICD (Fig. 3D) . Missense mutations in the CaSR ECD cluster in three locations: loop 1, dimer interfaces and ligand-binding sites (Fig. 4) . Nine FHH1 mutations have been identified within loop 1 which extends from Ile40 to Tyr63 and stretches across the homodimer interface to interact with a hydrophobic surface on the other protomer (Geng et al. 2016 , Zhang et al. 2016 (Fig. 1, Supplementary Table 1 ). Of note Pro55, which is mutated to Leu55 in FHH1, forms an interaction with residues on lobe 1 of the opposite protomer and is thought to contribute to dimerization (Zhang et al. 2016) .
In vitro studies have shown the Leu55 mutant reduces cellsurface expression of the Pro55Leu mutant protein and impairs signalling (Chikatsu et al. 1999 , White et al. 2009 ). Almost 70 FHH1 mutations are located at critical domain interfaces including 28 at the homodimer interface, 24 at the hinge region between lobe 1 and lobe 2, 8 at the interface between lobe 2 and the CRD and 11 at the CRD-CRD homodimer interface (Fig. 4A,  Supplementary Table 1 ). The dimer interface has two critical functions: structural integrity of the receptor and expansion of receptor contacts following agonist-induced conformational changes, which leads to activation of the receptor (White et al. 2009 , Geng et al. 2016 , Zhang et al. 2016 . Consistent with these functions, 31% of FHH1 dimer interface mutations disrupt cell-surface expression and all mutations tested disrupt both Ca 2+ i and MAPK activity.
The final location at which FHH1 missense mutations cluster is the ligand-binding sites (Fig. 4A, B , C, D and E). Four distinct Ca 2+ -binding sites have been identified in CaSR-ECD crystal structures: site 1 located at the top of lobe 1; site 2 in lobe 1 above the interdomain crevice; site 3 in the cleft between lobe 1 and lobe 2 and site 4 within the lobe 2-CRD interface (Fig. 4A) (Geng et al. 2016 , Zhang et al. 2016 . In addition, tryptophan can bind at an orthosteric site within the interdomain interface in the active state and acts as a co-agonist to facilitate ECD closure to potentiate CaSR function (Geng et al. 2016 , Zhang et al. 2016 . Forty-six FHH1 missense mutations map within 10 Å of a Ca 2+ or L-Trp-binding site, and could potentially affect ligand binding (Fig. 4B , C, D and E). Several residues have been shown to directly coordinate Ca 2+ -binding including Ile81 in site 1 (mutated to Thr81 and Met81 in FHH1); Thr100 and Thr145 in site 2 (both mutated to isoleucines in FHH1); Arg66 and Ser302 in site 3 (mutated to His66, Cys66 and Phe302 in FHH1) and Glu231 and Gly557 in site 4 (mutated to Lys231 and Glu557 in FHH1) (Fig. 4B, C, D receptor signalling in vitro (Geng et al. 2016 , Zhang et al. 2016 . Furthermore, several residues including Thr145, Tyr218, Ser296, Glu297 and Ala298, which are the site of seven FHH1 mutations, are involved in L-Trp binding, and these mutations similarly impair receptor activation (Geng et al. 2016) .
FHH1 mutations in the TMD
Sixty-six FHH1 mutations are located in the TMD (Supplementary Table 1 ). Using the crystal structure of the related class C GPCR, mGluR5 (Dore et al. 2014) , it is possible to build a homology model of the CaSR-TMD and discern the likely locations of the FHH1 mutations within the TMD (Fig. 5) . Previous studies of loss-of-function mutations in other GPCRs has shown a clustering at the TM1-TM2-TM7 interface and at the TM3-TM6 interface (Stoy & Gurevich 2015) . CaSR-inactivating mutations identified in FHH1 similarly cluster in the TM1-TM2-TM7 interface (16 FHH1 mutations, Fig. 5A ). There is no clustering at the TM3-TM6 interface, although there are two independent groups of mutations surrounding TM3 (27 mutations) and TM6 (20 mutations) ( Fig. 5B and  C) . Within other class C GPCRs, TM3 and TM6 undergo large ligand-induced conformational changes, which is necessary for receptor activation and G-protein coupling, and FHH1 mutations may impair these structural changes, consequently impairing receptor signalling (Binet et al. 2007 , Leach et al. 2012 , Xue et al. 2015 .
Key messages for FHH
• Usually associated with mild hypercalcaemia, but is increasingly becoming recognised that loss-of-function CaSR mutations are responsible for a spectrum of hypercalcaemic disorders.
• Majority of patients are asymptomatic, and those patients that have hypercalcaemic symptoms have higher serum calcium values.
• More than 300 mutations have been described to cause FHH, the majority of which are missense.
• ECD mutations cluster in three locations: loop 1, dimer interfaces and ligand-binding sites.
• TMD mutations cluster in the TM1-TM2-TM7 interface or surrounding TM3 and TM6.
CaSR gain-of-function mutations cause ADH1
ADH1 (OMIM:601198), caused by gain-of function mutations in CaSR, is characterised by mild-to-moderate hypocalcaemia associated with inappropriately low or normal serum PTH values (Hannan & Thakker 2013 , Roszko et al. 2016 . In the population of ADH1 patients described to date (~100 patients, Supplementary Table 1), the mean serum calcium value is 1.68 ± 0.31 mmol/L with a range of 0.79-2.3 mmol/L. In these patients serum PTH concentrations are inappropriately low in 76% of patients and normal in 24% of patients. Other biochemical features of ADH1 include hyperphosphatemia, hypomagnesemia and hypercalciuria (Hannan & Thakker 2013 , Roszko et al. 2016 . Most ADH1 patients have a urinary calcium to creatinine ratio within or above the reference range and relative hypercalciuria rises as the low levels of PTH fail to induce calcium reabsorption from the primary filtrate at the kidney (Roszko et al. 2016) . Patients with ADH1 need to be distinguished from individuals with other forms of hypoparathyroidism as treatment with vitamin D or its metabolites to correct hypocalcaemia may exacerbate hypercalciuria and nephrocalcinosis in ADH1 patients (Hannan & Thakker 2013 , Roszko et al. 2016 . In asymptomatic individuals treatment is therefore avoided. In those patients with symptomatic 
Gly623
A B C hypocalcaemia alternative treatments include thiazide diuretics, which lower urinary calcium or recombinant human PTH (Hannan & Thakker 2013 , Roszko et al. 2016 . Future treatments of symptomatic ADH1 are likely to include negative allosteric modulators of the CaSR (calcilytics), which have been demonstrated to normalise calcium responses in vitro and to increase serum PTH and calcium, while reducing urinary calcium excretion in mouse models of ADH1 (Dong et al. 2015) . ADH1 is asymptomatic in 28% of patients. Most symptoms observed in ADH1 patients are due to neuromuscular irritability caused by hypocalcaemia and include carpopedal spasms, tetany, paraesthesia and seizures (Raue et al. 2011 ). Seizures have been described in 39% of ADH1 patients with other hypocalcaemic features reported in 41%. Additionally, some patients present with associated features including basal ganglia calcifications (32%) and nephrocalcinosis (36%). The severity of hypocalcaemia correlates with the observance of symptomatic ADH1 with such individuals presenting with a significantly lower serum calcium concentration than those without symptoms (1.65 ± 0.33 mmol/L vs 1.82 ± 0.23 mmol/L, Fig. 6A ).
Genetic landscape of ADH1
Accurate diagnosis of ADH1 requires CaSR mutational analysis. To date, 100 different mutations have been described that are associated with ADH1 (Supplementary Table 1 ). The majority of cases (96%) are caused by heterozygous missense mutations (Fig. 6B, Supplementary  Table 1 ). However, one nonsense mutation (Gln934Stop) and four deletions (Ser895fsX939, del:Ser895-Val1075, Ser901fsX977 and Leu968fsX977) that occur in the ICD have also been described in ADH1. These four mutations result in loss of >100 amino acids within the C-terminus, indicating that this region of the CaSR is critical for receptor desensitisation or degradation. Indeed, two ubiquitin ligases, AMSH and dorfin, which reduce CaSR expression by increasing receptor degradation, have been demonstrated to bind to this region of the C-terminus (McCullough et al. 2004 , Huang et al. 2006 , and the ADH1 deletion mutants may increase CaSR signalling by reducing receptor degradation. Consistent with this idea, in vitro studies demonstrated that cells expressing the Ser895fsX939 and Ser901-904fsX977 mutants exhibited elevated levels of CaSR protein and increased Ca 2+ i and MAPK signalling when compared to cells expressing WT CaSR (Lienhardt et al. 2000 , Obermannova et al. 2016 , Maruca et al. 2017 . This occurs despite loss of the region identified to bind filamin-A, an actin cytoskeletal protein that enhances CaSR-mediated activation of MAPK pathways (Zhang & Breitwieser 2005) . Therefore, many questions remain to be answered regarding how truncation of the CaSR C-terminal tail by ADH1 mutations promotes receptor signalling.
The 95 ADH1 missense mutations are predominantly located in the ECD (52 mutations) and TMD (41 mutations), with only two mutations identified in the C-terminal region (Fig. 6C) . There is no correlation between serum calcium values of individuals with mutations in the ECD, TMD or C-terminus, although the range of calcium values is wider for patients with ECD mutations (0.79-2.2 mmol/L compared to 1.18-2.02 mmol/L for C-terminus mutations) (Fig. 6D) . The two C-terminal missense mutations affect residues that are critical for facilitating Ca 2+ i responses (Bai et al. 1998 , Huang et al. 2010 , Lazarus et al. 2011 . The first mutation Val883Met, disrupts a region that is known to interact with calmodulin and dorfin (Huang et al. 2010) , while the second mutation, Thr888Met, disrupts a protein kinase C phosphorylation site that negatively regulates CaSR coupling to Ca 2+ i stores (Bai et al. 1998) . Mutation of this residue impairs receptor phosphorylation and increases CaSR-mediated Ca 2+ i and pERK signalling (Bai et al. 1998 , Lazarus et al. 2011 .
The ECD missense mutations are clustered in three key sites: loop 2; the hinge region between lobes 1 and 2; and the homodimer interface, demonstrating the importance of these residues in CaSR receptor activation and signalling (Fig. 6E, Supplementary Table 1) . Loop 2 stretches across the interprotomer region at each lobe 1 and stabilises dimerization (Geng et al. 2016 , Zhang et al. 2016 . Twenty-four ADH1 mutations have been reported within this region, and many of these residues are mutation hotspots, with some residues mutated multiple times in different patients (Supplementary Table 1 ). Two residues in particular, Cys129 and Cys131, are each mutated to four different amino acids, and in vitro studies have revealed these residues play a critical role in CaSR glycosylation and dimerization by forming intermolecular disulfide bonds (Fan et al. 1997) . Eight ADH1 mutations are located in the hinge region between lobes 1 and 2, and thirteen mutations affect residues within the homodimer interface (Fig. 6E, Supplementary  Table 1 ). Additionally, some of these mutations have been reported in more than one unrelated patient including Pro221Leu, reported in multiple independent cases (Supplementary Table 1 ). Studies of mutations affecting residues within the hinge region and homodimer interface have demonstrated these residues are important in the molecular connectivity between Ca 2+ -binding sites (Zhang et al. 2014) . Furthermore, many of these residues undergo movement from the CaSR inactive-to-active state and are located close to ligand-binding sites (Fig. 6E ) (Geng et al. 2016 , Zhang et al. 2016 . It is therefore likely that these mutant residues elicit a gain of function by allowing conformational changes necessary for receptor activation to occur more readily than for WT receptor, by retaining the receptor in a partially active state that is fully activated at a lower concentration of ligand than WT receptor (Fig. 6E) (Zhang et al. 2014 , Geng et al. 2016 , Zhang et al. 2016 . Consistent with such mutations favouring a partially active state, rather than enhancing protein levels or biasing signalling, when expressed in vitro, these mutant proteins do not affect cell-surface expression and enhance both Ca 2+ i and MAPK signalling (Silve et al. 2005 , Zhang et al. 2014 , Gorvin et al. 2018a .
Forty-one ADH1 mutations have been identified in the CaSR transmembrane domain and have provided (Geng et al. 2016 ). ADH1 mutations cluster in loop 2, the lobe 1-lobe 2 hinge region and the homodimer interface. Conformational changes occur primarily in the lobe 2 and CRD regions on ligand-binding, leading to an increase in residue contacts between the two protomers. (F) Homology model of the CaSR-TMD based on the crystal structure of mGluR5 (PDB:4OO9) (Dore et al. 2014 ) generated using Swiss-Model (https://swissmodel.expasy.org/). Residues mutated in ADH1 are shown in red, Ca 2+ bound to the structure is shown in magenta. The majority of ADH1 mutations are located in TM6, ECL2 and TM7, which undergo large structural changes on receptor activation in other GPCRs. Biochemical data and information on mutations was obtained from the references shown in Supplementary Table 1) . Statistical analyses were performed by Student's t-test or one-way ANOVA. **P < 0.01.
important insights into CaSR activation (Fig. 6F , Supplementary Table 1 ). More than 20 of these gain-offunction mutations are in the TM6-TM7 region, with 8 mutations identified in TM6, 10 in TM7, and mutations in all four of the residues comprising ECL3 that tethers these two helices (Fig. 6F, Supplementary Table 1) . Mutagenesis studies have shown that residues between Ile819 and Glu837, comprising the TM6-ECL3-TM7 region, participate in CaSR activation and are thus likely to be important for maintaining the receptor in its inactive conformation (Hu et al. 2005) . Moreover, studies of other class C GPCRs have shown the importance of TM6 in receptor activation and G-protein coupling (Binet et al. 2007 , Xue et al. 2015 . Finally, several positive allosteric modulators, bind to residues within this region, and are hypothesised to reduce the inhibitory constraints within the 7TMD to enhance sensitivity to Ca 2+ e (Hu et al. 2005) . In contrast, negative allosteric modulators and FHH1 mutants such as Pro823Ala, identified in this region, are hypothesised to impede rotation of TM6 (Hu et al. 2005) . Thus, multiple studies provide evidence for the importance of TM6-ECL3-TM7 in CaSR activation. This understanding of the specific residues involved in CaSR activation could facilitate the rational design of allosteric modulators that are more likely to have an effect on receptor activity than by traditional compound screens.
Homozygous ADH1 mutations
Two cases of ADH1 have been reported in which the patients had homozygous CaSR mutations. The first, a large deletion of Ser895 to Val1075 within the intracellular C-terminus (Lienhardt et al. 2000) , was shown to increase Ca 2+ i responses and its possible effect on receptor degradation has been discussed in a previous section. The second mutation, Arg544Gln, was originally reported as a heterozygous mutation in an individual with FHH1 (Nissen et al. 2012) . However, subsequent identification of the mutation in the homozygous state with the opposite phenotype led the authors to perform a series of in vitro experiments assessing the effect of the mutation alone and in combination with the WT receptor on both Ca 2+ i and MAPK signalling (Cavaco et al. 2018) . This revealed HEK293 cells expressing the Arg544Gln mutant construct had lower EC 50 values compared to cells expressing either just the WT receptor or equal amounts of WT and mutant receptor to mimic the heterozygous state (Cavaco et al. 2018) . Thus, the mutation only affects CaSR signalling in the homozygous state, and in the heterozygous state, it is a benign variant. This is reflected in the public exome sequencing database, the Exome Aggregation Consortium (ExAc), which reports the heterozygous variant Arg544Gln in 96 unrelated individuals. Several other CaSR mutations have also been reported to be benign following functional testing (e.g. Thr14Ala) or due to their population frequency (e.g. Glu250Lys) , Hannan et al. 2012 . These findings highlight the importance of functionally investigating CaSR variants in vitro for the diagnosis of patients with calcaemic disorders.
ADH1 with Bartter's syndrome
Occasionally, ADH1 patients have presented with features of Bartter's syndrome including hypokalaemia, hypomagnesaemia, metabolic alkalosis and hyperaldosteronaemia (Watanabe et al. 2002) . Bartter's syndrome is a heterogenous disorder caused by defects in several proteins involved in transepithelial NaCl transport across the thick ascending limb of the loop of Henle (Hu et al. 2002 , Watanabe et al. 2002 . To date, five CaSR mutations have been identified in association with ADH1 and Bartter's syndrome and the clinical presentation and onset of Bartter's symptoms differ according to the type of mutation (Supplementary Table 1 ). The Lys29Glu and Tyr829Cys mutations are both associated with mild hypokalaemia and a late age of onset of 22 and 17 years, respectively (Vezzoli et al. 2006 , Choi et al. 2015 . Despite this, hypocalcaemia presents early and these patients develop signs of advanced hypocalcaemia including nephrocalcinosis and basal ganglia calcification. In contrast, patients with the Leu125Pro, Cys131Trp and Ala843Glu CaSR mutations present with a more severe form of Bartter's syndrome characterised by the full spectrum of symptoms including hypokalaemia, hypomagnesemia, metabolic alkalosis, hyperreninaemia and hyperaldosteronaemia in early childhood (Vargas-Poussou et al. 2002) . The Ala843Glu mutation is associated with potent constitutive activity when examined in vitro by multiple assays (IP 3 , Ca 2+ i mobilisation and ERK activation) (Watanabe et al. 2002 , Leach et al. 2012 . Consequently, when examined in vitro, increasing doses of Ca 2+ e fail to activate the receptor as the calcium stores are rapidly depleted, and the E max is lower than that in cells expressing WT CaSR (Leach et al. 2012) . The Ala843 residue is located within TM7 and the Glu843 mutation is hypothesised to lock the receptor in an active conformation, which is less susceptible to constraints caused by changes elsewhere in the TMD (Hu et al. 2005) . Two CaSR residues, Leu125 and Cys131, located in loop 2 are mutated in both ADH1 and ADH1 with Bartter's syndrome. Mutation of the Leu125 residue to Pro125 causes ADH1 with Bartter's and is associated with a potent gain of functional activity in Ca 2+ i response assays which may explain the severity of this patient's phenotype (Tan et al. 2003) . Mutation of this residue to Phe125, which causes ADH1, is associated with a severe hypocalcaemia (0.94 mmol/L), with an early age of onset at 4 days old (Cole et al. 2009) , indicating this residue likely has an important role in receptor activation. Similarly, the one Cys131 mutation that is associated with both ADH1 and Bartter's syndrome has a more potent effect on Ca 2+ i signalling than other ADH1 mutations (Kinoshita et al. 2014) . The mechanism by which these mutations cause such a severe effect on receptor activity is still to be elucidated.
ADH
• Is associated with more than 100 mutations, the majority of which are missense.
• Most ADH patients have symptoms of hypocalcaemia (e.g. neuromuscular irritability) or associated features such as basal ganglia calcification or nephrocalcinosis.
• The ECD missense mutations are clustered in three key sites: loop 2; the hinge region between lobes 1 and 2; and the homodimer interface.
• TMD mutations are clustered in TM6-ECL3-TM7.
• Occasionally ADH1 can be associated with a Bartter's syndrome phenotype
CaSR residues harbouring both inactivating and activating mutations
Twelve residues have been identified that are the location of both germline loss-and gain-of-function mutations that cause FHH1 and ADH1, respectively (Supplementary Table 1 ). Such residues have previously been termed 'switch' residues as they are thought to be important in switching the receptor from the inactive to active state and may direct CaSR signalling via the Ca 2+ i or MAPK pathways (Zhang et al. 2014 , Stoy & Gurevich 2015 , Gorvin et al. 2018a . Such switch mutations are not unique to CaSR and have been observed in other GPCRs including the human arginine vasopressin receptor (Stoy & Gurevich 2015) . Structural studies comparing the active and inactive states of CaSR has demonstrated these residues are often located in regions that undergo large conformational changes upon ligand binding consistent with studies of other GPCRs (Stoy & Gurevich 2015 , Gorvin et al. 2018a . Six of the CaSR switch residues are located in critical regions within the VFTD, including the dimer interface close to loop 1 (Val104), at the lobe 1-lobe 2 hinge region (Leu173, Asn178, Pro221), and within the ligand-binding site at the hinge region (Glu297) (Geng et al. 2016 , Gorvin et al. 2018a . The other five switch residues are located in the TMD clustered around TM3 and TM6, which structural studies of other class C GPCRs have revealed undergo substantial outward movement during receptor activation to accommodate G-protein coupling (Binet et al. 2007 , Leach et al. 2012 , Xue et al. 2015 .
However, designating all residues with both inactivating and activating mutations as switch residues may be too simplistic given the range of molecular phenotypes that render a receptor as active or inactive. For example, a loss-of-function mutation may arise by several mechanisms including reduced cell-surface expression (e.g. due to ER retention), impaired GPCR-Gprotein coupling or reduced ligand binding. As such, detailed molecular profiling of each mutation may be required to determine if a residue can be designated a switch residue. Eleven of the 12 CaSR residues described with shared inactivating and activating mutations have been functionally characterised. The FHH1-associated mutations in six of these residues (Glu297, Ser657, Arg680, Met734, Asn802 and Ser820) have reduced cellsurface expression in at least one study, which is likely to cause, or contribute to, the reduction in CaSR signal transduction (Bai et al. 1996 , Leach et al. 2012 , Gorvin et al. 2018a . Most of these residues are located within the TMD and mutations in these residues may affect the ability of the receptor to fold efficiently and traffic to the cell surface, thus reducing the receptors exposure to agonist (Leach et al. 2012) . Indeed, 17 TMD mutations reported to cause FHH1 reduce cell-surface expression in at least one study (Supplementary Table 1 ). However, while this is true of some mutations (Met734Arg), the intrinsic signalling capacity of other mutant CaSR proteins (Arg680Cys, Arg680His) has been shown to be retained, while others may have a gain of function but with reduced expression (Ser657Tyr) (Leach et al. 2012) . Therefore, it is unlikely that all these mutations impair structural integrity of the receptors, and there must be another reason that cellsurface expression is impaired, with reduced ability to form higher-order oligomers suggested as one possible contributor (Leach et al. 2012) .
Biased signalling
Biased signalling is the propensity of distinct receptor conformations to preferentially couple to specific signalling pathways. As such, promiscuous receptors such as the CaSR that can bind multiple ligands and couple to several G-protein subtypes can exhibit distinct profiles for different agonists (Thomsen et al. 2012) . In HEK293 cells when stimulated with Ca 2+ e , the CaSR preferentially couples to activate IP 3 and inhibit cAMP production, rather than phosphorylation of ERK1/2 (i.e. MAPK signalling) (Thomsen et al. 2012) . In contrast, diseasecausing CASR mutants located in the TMD or switch residues have been shown to switch this preferential signalling by stabilising receptor conformations that couple differentially to intracellular signalling pathways (Leach et al. 2012 , Gorvin et al. 2018a . Many ADH1 mutants couple more strongly to Ca 2+ I , while inactivating mutations signal equally via the Ca 2+ i and MAPK pathways or predominantly via MAPK pathways (Leach et al. 2012) . There are exceptions to this including the constitutively active Ala843Glu mutant, which enhances basal activity of both Ca 2+ i and MAPK pathways (Watanabe et al. 2002 , Leach et al. 2012 . Additionally, an ADH1-associated mutant, Arg680Gly, was recently described that enhanced MAPK signalling by disrupting a transmembrane salt bridge to activate a β-arrestin-mediated pathway (Gorvin et al. 2018b) . Discerning the distinct signalling profiles of some CaSR mutations that cause symptomatic hyper/ hypocalcaemia may be pertinent to the rational design of drugs to selectively regulate distinct signalling pathways (Leach et al. 2012 (Leach et al. , 2014 .
Future directions
As increasingly more population-level genetic data becomes available through datasets such as ExAc and The 100,000 Genomes Project, and with whole-exome/ wholegenome sequencing used more frequently in patient diagnoses, it is likely that many more CaSR variants of unknown significance on patient health will be identified. How to approach such variants is a frequent problem, especially as pathogenicity prediction programs are often incorrect and as our understanding of receptor signalling becomes increasingly more complex. An understanding of individual residue's roles in receptor structure and activation mechanisms, combined with high-throughput, reliable functional assays, could provide additional information to allow clinician's to make more informed decisions about the likelihood of variant pathogenicity. It is likely that in future more interactions between clinicians, geneticists and researchers will be required to understand how these variants impact receptor function and human health.
In the last decade, the genetic heterogeneity of FHH and ADH has emerged, with mutations in the Gα11 protein, by which CaSR signals, and the adaptor protein-2 sigma subunit (AP2σ), by which CaSR is internalized, revealed as additional contributors to calcaemic disorders. Studies of these mutations have uncovered novel mechanisms by which CaSR is internalised and demonstrated that CaSR can signal by an endosomal pathway (Gorvin et al. 2018c) . Moreover, some FHH and ADH patients do not have mutations in any of these three genes and discovery of the mutant proteins in these cases is likely to yield further insights into CaSR signalling and trafficking. Understanding the mechanisms by which these novel signal pathways arise, and how receptor mutations affect these pathways are likely to provide continued insights into the CaSR for years to come.
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